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In Brief
Lo et al. present an engineering biology
strategy of autonomously decoupling
growth and production through modular
genetic sensor controllers to improve
economics and sustainability in microbial
cell factories. The genetic controllers
eliminate the need for costly inducers and
the separation of substrate mixtures
significantly alleviate metabolic stress,
and improve host growth and production
rates.
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We present a synthetic gene circuit for decoupling
cell growth from metabolite production through
autonomous regulation of enzymatic pathways by in-
tegrated modules that sense nutrient and substrate.
The two-layer circuit allows Escherichia coli to
selectively utilize target substrates in a mixed pool;
channel metabolic resources to growth by delay-
ing enzymatic conversion until nutrient depletion;
and activate, terminate, and re-activate conversion
upon substrate availability. We developed two ver-
sions of controller, both of which have glucose
nutrient sensors but differ in their substrate-sensing
modules. One controller is specific for hydroxycin-
namic acid and the other for oleic acid. Our hydroxy-
cinnamic acid controller lowered metabolic stress
2-fold and increased the growth rate 2-fold and pro-
ductivity 5-fold, whereas our oleic acid controller
lowered metabolic stress 2-fold and increased the
growth rate 1.3-fold and productivity 2.4-fold. These
results demonstrate the potential for engineering
strategies that decouple growth and production to
make bio-based production more economical and
sustainable.
INTRODUCTION
In the enzymatic production of value-added compounds in engi-
neered cells, the selection of enzymatic expression systems has
a major effect on the mode, performance, and cost of produc-
tion. A common choice is the use of commercially available in-
duction systems, for instance, based on L-arabinose and isopro-
pyl-b-D-thiogalactoside (IPTG) for the expression of enzymatic
pathways. The use of artificial inducers, although effective, is
less favorable because of the high cost of inducers, inducer
toxicity, and incompatibilities with industrial scale-up. A sub-
stitute for artificial inducible systems is the use of constitutive
promoters, which initiate protein expression in the absence of in-
ducers. Although constitutive promoters may offer a compara-
tive economic advantage, a strong constitutive expression of
heterologous enzymes may introduce cellular resource compe-
tition by overproduction of unnecessary RNAs and proteins
(Scott et al., 2010). The diversion of cellular resources awayCell Systems 3, 133–143, A
This is an open access article undfrom essential metabolic activities subsequently leads to sub-
stantial deviation from engineered behaviors, which frequently
reduces yield and productivity (You et al., 2004; Zhang et al.,
2012).
The diversion of cellular resources also occurs when cell fac-
tories are challenged with toxic intermediates and/or final prod-
ucts accumulated during enzymatic conversion. Challenged
cells frequently exhibit slow growth. When facing toxicity-led
stresses, host cells often respond by adjusting the metabolism
to counter these stresses. The metabolic adjustment, however,
can lead to increased energy metabolism (Nicolaou et al.,
2010) as well as the downregulation of genes that are required
to support growth and productivity (Silva et al., 2012). To deal
with intermediate or product toxicity, stressed cells need to
expend considerably higher levels of biosynthetic energy for ac-
tivities such as increased efflux pump activities, protein refold-
ing, and adjustment of membrane composition. Higher energy
consumptionmeans fewermetabolic resources for growth, lead-
ing to slow biomass build-up, which undesirably increases the
turnover time.
Besides the issue of cellular resource allocation in enzyme
overproduction and intermediate or product toxicity, the turn-
over time of the bioconversion process is extended by a
substrate-processing step prior to enzymatic conversion. For
example, during the decomposition of lignocellulosic biomass,
a plethora of compounds are generated in which formic acid-
driven de-polymerization of switchgrass lignin yields at least
seven compounds (Xu et al., 2012). These substrate mixtures
should be separated before undergoing enzymatic conversion.
The pretreatment costs associated with the separation of
desired substrates from the mixture pool negatively affects the
overall process economics of biochemical production.
There have been attempts to mitigate these issues through
various metabolic engineering strategies, including dynamic
regulation, which aims to rebalance fluxes in response to intra-
cellular or extracellular conditions (Brockman and Prather,
2015a). For instance, dynamic metabolic control through
balancing of heterologous pathways (Zhang et al., 2012; Dahl
et al., 2013; Xu et al., 2014), controlled enzyme degradation
(Brockman and Prather, 2015b; Cameron and Collins, 2014),
and adjustable RNA polymerase expression (Izard et al., 2015)
were demonstrated to enhance cellular resource allocation and
production parameters. However, the interplay between cell
growth and the dynamic regulation of enzymatic conversion
has yet to be explored for the production of value-added com-
pounds in cell factories. In this work, we propose a strategy
of autonomous decoupling of cell growth and enzymaticugust 24, 2016 ª 2016 The Authors. Published by Elsevier Inc. 133
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. A Two-Layered Circuit Design that Decouples Growth and
Metabolite Production
A schematic of an auto-regulatory genetic controller that decouples growth
and production, where two independent sensing modules are interconnected
based on a two-layered circuit design.conversion through feedstock substrate- and nutrient-depen-
dent regulation of enzymatic pathways. We hypothesized that
the separation of growth and production could alleviate meta-
bolic stress and improve host growth and production rates.
Feedstock substrate-dependent expression could introduce
cost savings via abolishment of costly inducers and could also
improve process economics by simplifying a substrate-process-
ing step prior to enzymatic conversion. That is, substrate-
sensing autonomous regulation could enable cell factories to
selectively ferment target substrates in a mixture, thereby cir-
cumventing the need for substrate processing. To mitigate the
effect of toxic intermediates and product accumulation, we pro-
pose a strategic delay of the conversion of substrate during
biomass formation. Host cells could be engineered to delay
enzyme expression until cells have depleted key nutrients and
attained high cell densities. The delayed expression could
enable a rapid biomass build-up followed by bioconversion, re-
sulting ultimately in a more rapid and higher turnover.
To this end, we rationally designed and built a modular, tran-
scriptional factor-based genetic controller that decouples cell
growth and production through autonomous nutrient- and sub-
strate-dependent regulation of enzymatic pathways. As a test
bed, we used the bioconversion of lignin constituents (such as
hydroxycinnamic acids) to value-added compounds such as
vanillic acid (a flavoring and bioactive compound) (Kim et al.,
2010). However, the conversion of hydroxycinnamic acids usu-
ally involves the use of costly inducers such as IPTG (Yamada
et al., 2008; Overhage et al., 2003) to direct enzyme expression.
During the process of conversion, cell factories are frequently
challenged with toxic intermediates and products generated.
The problem of cost and toxicity is further compounded by an
additional processing step that is required prior to the conver-
sion in which cells have to be fed with purified hydroxycinnamic
substrates.
In brief, we designed a two-layer genetic controller that inter-
connects two independent genetic sensors to decouple growth
and production. Based on the two-layer circuit design, we first
built and characterized a substrate-sensing genetic module134 Cell Systems 3, 133–143, August 24, 2016and demonstrated that the module’s output could be autono-
mously regulated based on the availability of target substrates.
We then built and characterized a nutrient-sensing module to
enable biomass accumulation and enzyme expression based
on nutrient availability. We placed the substrate-sensing module
under the direct control of the nutrient-sensing module to
decouple growth from metabolite production in the two-layer
genetic controller. Finally, we tested the engineered cells for
deployment flexibility, selective bioconversion, metabolic states,
growth rates, and bio-catalytic performance using the conver-
sion of hydroxycinnamic acids and oleic acids into value-added
compounds.
RESULTS
A Two-Layered Circuit Design that Decouples Growth
and Production
As the first step toward decoupling cell growth and biological
production, we designed a genetic controller interconnecting
two independent sensing modules (i.e., nutrient and substrate
sensors) that enables autonomous nutrient- and substrate-
dependent regulation of enzymatic pathways (Figure 1). Our ge-
netic controller was based on a two-layered circuit design in
which the nutrient-sensing module controls the substrate-
sensing module directly and not the downstream enzymatic
pathways. The substrate-sensing module was designed to be
activated upon nutrient depletion at high cell density, enabling
biomass accumulation and enzyme expression delay. In this
study, we tested our strategy of decoupling growth and produc-
tion through genetic controllers using the biological conversion
of hydroxycinnamic acids and oleic acids into value-added
compounds.
Development and Characterization of a
Substrate-Sensing Module
The key to developing a substrate-sensing module for the
biological conversion of lignin constituents is the discovery of a
suitable transcriptional factor that is sensitive to target hydroxy-
cinnamic acids. For this, we considered a putative hydroxycin-
namic acid catabolic regulon of Pseudomonas putida KT2440,
a soil bacterium that can utilize a range of aromatic compounds,
including ferulic acid, as a carbon source, where PP3359 (Uni-
Prot: G88HJ7), a putative degradation regulator, was selected
for further analysis. To characterize the behavior of PP3359,
we ligated a reporter red fluorescence protein (RFP) downstream
of the ech promoter (Pech), which we hypothesized PP3359
would regulate.
PP3359 repressed the activity of Pech (Figures 2A and 2B); how-
ever, this repression was alleviated by the thioester intermediate
hydroxycinnamic-coenzymeA (CoA) and not by hydroxycinnamic
acids directly. That is, when the PP3359-Pech circuit was exposed
to 0.1% (w/v) ferulic acid, the repression activity was not allevi-
ated (Figure 2C). However, when the CoA ligase feruloyl-CoA
synthase (Fcs) was included in the genetic circuit, an 30-fold
increase in RFP expression was observed upon induction with
ferulic acid (Figure 2D). Because Fcs is responsible for converting
ferulic acid to feruloyl-CoA (Figure S1A), we hypothesized that fer-
uloyl-CoA might alleviate the repression activity of PP3359 from
Pech, thereby initiating the rfp transcription. An electrophoretic
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Figure 2. Development and Characterization of a Substrate-Sensing Module
(A) Constitutive expression of Pech. Cells bearing an empty vector with RFP acted as a control. In the absence of PP3359, Pech proved to be constitutive.
(B) The repressive role of PP3359. Addition of PP3359 resulted in the repression of Pech activity.
(C) Addition of ferulic acid did not alleviate the inhibition activity of PP3359. 0.1% (w/v) of ferulic acid was used to induce the cells with PP3359-Pech. However, no
RFP expression was observed.
(D) The thioester intermediate feruloyl-CoA is proposed to remove the inhibition of PP3359. When the CoA ligase fcs was ligated to the construct PP3359-Pech-
Fcs, RFP expression was observed upon induction with 0.1% (w/v) ferulic acid, which suggests that feruloyl-CoA may be the ligand that is responsible for the
removal of PP3359 inhibition. FA, ferulic acid; Pcon, s
70 constitutive promoter.
(E) EMSA (top) confirmed the specific binding of PP3359 to Pech, and the addition of feruloyl-CoA reduced this interaction betweenPP3359 and Pech. 10
9–103M
feruloyl-CoA was used to titrate the amount of feruloyl-CoA needed to affect the binding affinity between PP3359 and Pech (bottom). A micromolar range of
feruloyl-CoA is required to affect the interaction between PP3359 and 100 ng of Pech.
(F) The controller’s response curve toward increasing ferulic acid concentrations. The readings were taken at steady state.
(G) The controller’s response toward various hydroxycinnamic acids. The controller is most responsive toward caffeic acid and unresponsive toward sinapic acid.
Error bars in (A)–(D) and (F) represent the SD of three biological replicates.mobility shift assay (EMSA) confirmed the PP3359-Pech interac-
tion in response to ferulic acid/feruloyl-CoA (Figure 2E). These
EMSA data suggest that addition of feruloyl-CoA interferes with
the binding of PP3359 to Pech.
In an attempt to determine the activating concentration, we
proceeded with the characterization of our controller by estab-
lishing its response curve with increasing exogenous ferulic
acid concentrations. Our controller started to display a consider-
able output when the ferulic acid concentration exceeded 50 nM
(Figure 2F). A further increase in ferulic acid concentration
(R500 nM) led to no corresponding significant output increase.
Besides ferulic acid, the developed controller was responsive
toward other hydroxycinnamic acid substrates, with the highest
sensitivity toward caffeic acid, followed by ferulic acid, p-cou-
maric acid, and cinnamic acid (Figure 2G). We reasoned thatthis substrate responsiveness is conferred by the promiscuity
of Fcs. Fcs is found to be capable of ligating CoA to these hy-
droxycinnamic acids, as characterized by the in vitro thioester
formation test (Figures S1B–S1F). Sinapic acid, which has both
meta-3,5 ring positions occupied with methoxy groups, does
not interact with Fcs (Figure S1F), and, in turn, elicited no
response from our controller (Figure 2G). Together, the results
suggest that our genetic controller developed based on
PP3359, Fcs, and Pech specifically responds to hydroxycinnamic
acids with at least 1 meta ring position available.
Auto-Regulating Output of the Substrate-Sensing
Module
In addition to substrate responsiveness, we demonstrated that
our substrate-sensing module is capable of auto-regulating itsCell Systems 3, 133–143, August 24, 2016 135
Figure 3. Auto-Regulating Output of the
Substrate-Sensing Module
(A) Characterization of the dynamic auto-regulatory
transcriptional actions by the hydroxycinnamic
acid module in response to substrate availability.
When the cells bearing the construct PP3359-Pech-
Ech-RFP-Fcs were exposed to 0.1% (w/v) ferulic
acid, the transcriptional output of the controller
indicated by RFP mRNA increased to a peak of
30-fold relative to the un-induced state. The
transcription activity decreased to close to the un-
induced state when ferulic acid was fully converted
to vanillin by the enzyme Ech. The construct
PP3359-Pech-RFP-Fcs was used as a control in this
study. The bioconversion process by PP3359-Pech-
Ech-RFP-Fcs was quantified by HPLC. Error bars
represent the SD of three biological replicates.
(B) Fluorescence microscope imaging of the
controller regulating both Ech and RFP when
exposed to 0.1% (w/v) ferulic acid. The first image
was taken at 4 hr of induction. The second image
was taken 5 days later, after we ensured that the
bioconversion was completed. The last image was
taken at 3 hr after re-induction 5 days later.output, using ferulic acid as an example. To prove that our
controller can autonomously tune its output to decreasing
endogenous feruloyl-CoA levels, we placed the enoyl-CoA hy-
dratase gene (ech) under the regulation of our substrate-sensing
module, where Ech diminished the inducing signal by converting
feruloyl-CoA to vanillin (Figure S2). For quantitative measure-
ment, we inserted the rfp gene downstream of ech, and we
used the rfp-only circuit as the control. The quantitative real-
time PCR result revealed that our hydroxycinnamic acid-sensing
module autonomously adjusted its output levels when ferulic
acid was being utilized for vanillin production (Figure 3A). The
Ech-bearing construct, together with the control, led to a 30-
fold increase in transcriptional output after 4 hr of induction.
The transcriptional level was reduced 10-fold after vanillin pro-
duction peaked, and ferulic acidwas used up for the Ech-bearing
construct. To visualize the auto-regulatory activities of our
controller, we monitored the RFP expression when the cells
were induced, switched off, and re-induced with ferulic acid us-
ing fluorescence microscopy (Figure 3B). This auto-regulatory
behavior is essential for our ‘‘built-to-order’’ approach for pru-
dent metabolic resource utilization toward improving host
viability.
Characterization of the Nutrient-Sensing Module
We controlled our substrate-sensing module with the nutrient-
sensing module as a means toward the development of genetic
circuits that enable autonomous substrate- and nutrient-depen-
dent regulation of enzymatic pathways. Given that hydroxycin-
namic acids serve as both substrates and inducers, we aimed136 Cell Systems 3, 133–143, August 24, 2016to shorten a batch bioconversion process
by decoupling cell growth and production.
We hypothesized that the cells, when
cultured together with the substrate
inducer, should focus on biomass build-
up first instead of having to divide the
metabolic resources between heterologous enzyme expression
and cell division, which would inadvertently slow down cell
growth rates. Robust growth allows a large pool of bio-catalytic
cells to build up within a short time span and, thus, could offer
high total enzyme abundance for faster bioconversion.
To this end, we implemented a nutrient-sensing module that
regulates the expression of the hydroxycinnamic acid CoA
ligase (Fcs) in our fcs-dependent genetic controller. In this ge-
netic circuit layout, we hypothesized that a promoter of the
fcs gene could serve as a module that enables the genetic
controller to delay enzyme expression until the cell population
becomes high, which could bring about a minimal growth effect
on the host cell. We considered the promoter of the csiD gene
(PcsiD) that is upregulated during carbon starvation in E. coli
(Marschall et al., 1998; Metzner et al., 2004) as the fcs promoter
(Figure 4A). We confirmed that PcsiD’s promoter activity is
inversely proportional to the amount of glucose present (Fig-
ure 4B; Figure S3A) via PcsiD’s characterization in continuous
culture and batch culture. We observed an increase in PcsiD’s
activity when the cells were at late exponential and early sta-
tionary phase (Figure 4C). To determine the effect of PcsiD on
the controller, we compared the expression profiles between
the controllers with and without the nutrient-sensing module
PcsiD (Figure 4D; Figures S3B and S3C) using RFP as our re-
porter. Our data suggested that the controller with the
nutrient-sensing module is activated at a higher cell density
than the controller without the module, thus corroborating the
role of PcsiD as an indirect cell density-dependent module in
the controller.
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Figure 4. Characterization of the Nutrient-Sensing Module
(A) Implementation of the nutrient-sensing control of the Fcs enzyme in the
hydroxycinnamic acid controller. The nutrient-sensingmodule containing PcsiD
is driven by stringent conditions caused by high cell density in a batch
bioconversion.
(B) The nutrient-sensing module containing PcsiD was characterized with
varying glucose concentrations in M9 minimal medium. PcsiD is derived from
E. coli’s carbon starvation regulon and is upregulated under carbon starvation
conditions and stationary growth phase. Under stringent conditions, cAMP
forms an activator complex with CRP, which activates PcsiD’s transcriptional
activity. Themeasurement was taken at steady state after five volume changes
in the continuous culture. The result suggests that the activity of PcsiD can be
regulated by controlling the amount of glucose in minimal medium. Percent
coefficient of variation (%CV, unit-less) represents the dispersion of the fre-
quency distribution measured by the flow cytometer.
(C) Characterization of the nutrient-sensing module PcsiD in a batch of
M9 minimal medium for batch culture. PcsiD was observed to be activated at
the early stationary phase of E. coli.
(D) Characterization of the controller with and without the nutrient-sensing
module PcsiD. The inclusion of PcsiD enabled the controller to activate at a
higher cell density. Induction was performed at 0.1% (w/v) ferulic acid, with the
expression level measured relative to the un-induced state.
Error bars in (C) and (D) represent the SD of three biological replicates.Deployment of the Hydroxycinnamic Acid Controller for
Decoupled Growth and Production
To evaluate how the decoupling of cell growth and production
enabled by the substrate- and nutrient-dependent regulation
would affect the host cells and their bio-catalytic performance,
we tested the engineered E. coli cells for deployment flexibility
and selective bioconversion and compared their metabolic
state, growth rate, and bio-catalytic performance with other
systems. We reasoned that an ideal platform controller should
have the deployment flexibility to accommodate any desired
configuration for various bioconversions of the hydroxycinnamic
acids toward industrial applications. To demonstrate deploy-
ment flexibility, we coupled the genetic controller with different
enzymatic pathways (Figure 5A; Figure S4) using two hydroxy-
cinnamic acids commonly found in grass lignin, p-coumaric
acid, and ferulic acid, respectively, for bio-production of vanillin
(a flavoring compound), p-hydroxybenzaldehyde (a precursor for
polymers and pharmaceuticals), p-hydroxybenzoate (a precur-
sor for polymers and pharmaceuticals), resveratrol (an anti-can-
cer and anti-aging health supplement), and vanillic acid. The pro-
duction yields are reflected in Figure 5A. Our designed modular
genetic controller is capable of functioning as a ‘‘plug-and-play’’
system, where different downstream enzymatic pathways can
be accommodated and regulated by the same system.
Besides deployment flexibility, we examined our engineered
cells for selective bioconversion by subjecting our cells to the
depolymerized lignin pool (Figure 5B). Selective bioconversion
circumvents the need for processing the depolymerized lignin
substrates, thus simplifying the manufacturing processes. Fig-
ure 5B indicated that our engineered cells were able to selec-
tively utilize p-coumaric and ferulic acids when cultivated with
other previously reported depolymerized grass lignin substrates
(Xu et al., 2012; Del Rı´o et al., 2007). The amounts of p-coumaric
and ferulic acids were decreased by 80% and 24%, respec-
tively, after 12 hr.
To test the hypothesis that the substrate- and nutrient-depen-
dent regulation of enzymatic pathways could lead to lower meta-
bolic stress, we determined the level of metabolic burden on theCell Systems 3, 133–143, August 24, 2016 137
Figure 5. Deployment of the Hydroxycinnamic Acid Controller for Decoupled Growth and Production
(A) Deployment flexibility of the genetic controller with the hydroxycinnamic acid-sensing module. The controller’s versatility is demonstrated by using different
enzymes and substrates. Based on the enzymatic pathways regulated by Pech, different final products can be synthesized from hydroxycinnamic acid.
(B) HPLC chromatogram for selective bioconversion of depolymerized lignin substrates. The top chromatogram depicts the unconverted lignin cocktail (control),
the middle chromatogram shows the un-engineered E. coli in medium consisting of the depolymerized lignin cocktail, and the bottom chromatogram displays the
result of 12-hr bioconversion by the engineered cells. The units are in milliabsorbance units (mAU) at 230 nm.
(C) A comparison of the controller with nutrient-sensing against other systems in terms of metabolic state, growth rate, and bio-catalytic performance. To indicate
cellular stress, real-time quantitative PCR was performed on rrsG. All samples were in exponential growth phase and had similar growth rates before being
induced for 1 hr, resulting in similar rrsGmRNA levels across the samples before induction. The mRNA levels were measured relative to un-induced cells, which
are regarded as being in the healthy state. A lower metabolic stress levels can be reflected by having rrsG levels closed to 1 (un-induced state). The metabolic
stress data are complemented with the growth profiles of various systems before and after induction. The post-induction growth rate was measured 1 hr after
(legend continued on next page)
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host cell in terms of transcription of key metabolic factors,
growth rate, and overall product titers. We examined the expres-
sion levels of rrsG, which encodes 16S ribosomal RNA, a
component of E. coli’s ribosome. Cells experiencing higher
metabolic stress show lower rrsG (Gralla, 2005) expression.
We measured the transcription levels of rrsG with our induced
controller relative to the un-induced state during the exponential
growth phase. For suitable assessment, we compared the per-
formances of our controller with andwithout the nutrient-sensing
module, a constitutive system (an un-repressed ech promoter),
and a commonly used inducible system, the L-arabinose-
induced pBAD system in terms of metabolic stress, growth
rate, and production. These systems were constructed to have
comparable expression levels (Figure S5).
The metabolic stress test suggests that the inclusion of the
nutrient-sensing module in the controller lowered the metabolic
burden in terms of the extent of downregulation of transcrip-
tion-related rrsG and a robust growth rate during the ferulic
acid bioconversion to vanillic acid. The quantitative real-time
PCR results indicated that, relative to their un-treated state
(healthy state), rrsG was downregulated 1.7-fold for pBAD,
2.4-fold for the constitutive system, 2-fold for the controller
without nutrient-sensing, and 1.1-fold for the controller with
nutrient-sensing (Figure 5C). The rrsG expression level for the
controller with nutrient-sensing was significantly higher than for
the other systems: pBAD (p < 0.05) and the constitutive system
(p < 0.05). We complemented these expression data of rrsG
with the growth profile of the test systems before and after
induction (Figure 5C). Although all systems showed similar pre-
induction growth rates, the retardation of growth after induction
was most severe for the controller without nutrient-sensing
(54% decrease in the number of doubling per hour), followed
by the constitutive system (25% decrease) and the pBAD
system (15% decrease), respectively. Our designed controller
with nutrient-sensing experienced the least retardation (12%
decrease) of the growth rate after induction and was significantly
higher than the controller without nutrient-sensing (p < 0.05). We
further evaluated our engineered cells by measuring the cells’
membrane potential as an indicator of physiological activity (Re-
zaeinejad and Ivanov, 2011; Kennedy et al., 2011). We observed
comparable levels of membrane potential between the engi-
neered cells and the healthy control cells (Figure S6).
We used our engineered cells for the production of vanillic acid
(an important flavoring additive and bioactive compound, from
ferulic acid) to test our hypothesis that robust growth could
lead to better catalytic performance. We compared the bio-cat-
alytic performance of our designed platform with other expres-
sion systems used in the metabolic stress study with regards
to substrate uptake and product generation rates (Figure 5C).
Our high-pressure liquid chromatography (HPLC) analysis of
the culture extracts suggested that the controller with nutrient-
sensing showed the best performance in terms of ferulic acid uti-
lization and vanillic acid production, with the highest productioninduction. Production data were quantified by HPLC. Ferulic acid and vanillic ac
tistically significant differences between the respective systems.
Error bars in real-time qPCR data represent the SD of two biological replicates,
biological replicates.titer of 900 mg/l. Within 12 hr, our genetic controller achieved
close to 100% of the theoretical yield, whereas the use of
pBAD, the controller without nutrient-sensing, and the constitu-
tive system gave theoretical yields of 69.7%, 61.3%, and
19.4%, respectively.
Deployment of the Oleic Acid Controller for Decoupled
Growth and Production
To demonstrate the generalizability of our two-layered circuit
design that decouples growth and production, we applied the
circuit design to the bioconversion of oleic acid, an abundant
unsaturated fatty acid, to ethyl oleate, a plasticizer and food
additive. We built a genetic controller that interconnects the
nutrient-sensing module above and an oleic acid-sensing mod-
ule using the two-component FadR-FadD system derived from
E. coli (Zhang et al., 2012) to regulate a multi-enzyme pathway
that yields ethyl oleate (Figures 6A–6C). Our data show that the
controller with nutrient sensing led to statistically significantly
lower metabolic stress in terms of rrsG expression and higher
growth rates compared with the pBAD system (Figure 6D).
Furthermore, the controller with nutrient-sensing resulted in a
2.4-fold higher production titer than the pBAD system after
24 hr of incubation.
DISCUSSION
In this work, we designed and built a modular genetic controller
that decouples growth and production through autonomous
substrate- and nutrient-dependent regulation of enzymatic path-
ways. Our conceptual strategy for the decoupling was to harness
a genetic controller that can be modularly coupled with
various downstream enzymatic pathways to direct andmodulate
enzyme expression based on the levels of substrates and nutri-
ents available through dynamic regulation. With the genetic
controller in place, the host cells were reprogrammed to selec-
tively utilize target substrates in the mixture pool, channel their
metabolic resources into growth first by delaying the enzymatic
conversion of the substrates until they reach a high cell density
accompanied by nutrient depletion, activate the enzymatic con-
version only upon nutrient depletion and substrate cues, and
terminate the enzymatic conversion upon substrate depletion
and reactivate the conversion when substrates become avail-
able, all in an autonomous manner. The developed genetic
controller eliminated the need for costly inducers and additional
processing steps for mixture substrates while significantly allevi-
ating metabolic stress that could retard cell growth and
improving host growth, biomass build-up, and production rate.
We reasoned that the high production rate achieved was due
to the functionality of the genetic controller to establish control
over transcription and, therefore, minimize disruptive effects
caused by heterologous protein expression on cell growth.
This functionality might also enable the cells to mitigate the toxic
intermediates/product build-up through nutrient-sensing.id were measured at 300 nm and 254 nm, respectively. * and ** indicate sta-
whereas the error bars in growth and production data indicate the SD of three
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Figure 6. Deployment of the Oleic Acid Controller for Decoupled Growth and Production
(A) The two-layered circuit design to decouple growth and production can be applied to other two-component transcriptional systems. As proof of concept, we
applied the design to the oleic acid biosensor that is controlled by FadR and FadD. The oleic acid controller regulates downstream enzymes that enable the
production of ethyl oleate via the ethanol production module and ester production module.
(B) Visual observation andmicroplate fluorescencemeasurement of E. coli TOP10 cells bearing the oleic acid controller with RFP. Cells were incubated with 0.1%
(w/v) sodium oleate in M9medium for 12 hr at 30C before fluorescence measurement and observation. To facilitate visual observation, cells were pelleted down
at 3,500 3 g for 3 min.
(C) Multi-enzymatic pathways leading to ethyl oleate production. The pyruvate decarboxylase (pdc), alcohol dehydrogenase (adhB), and acyltransferase (atfA)
genes are being regulated by the oleic acid controller in this study.
(D) A comparison of the oleic acid controller with nutrient-sensing against the pBAD system in terms of metabolic state, growth rate, and bio-catalytic perfor-
mance. Inducible systems were used in this study because of the need for the controlled expression of toxic genes such as fadD, pdc, and adhB. 0.2%(w/v)
sodium oleate was fed to the cells for the conversion, and the product ethyl oleate was detected by gas chromatography-flame ionization detector (FID)-MS after
24 hr of conversion. * indicates a statistically significant difference between the respective systems.
Error bars in real-time qPCR data represent the SD of two biological replicates, whereas the error bars in growth and production data indicate the SD of three
biological replicates.
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Our strategy of decoupling growth and production to improve
biochemical synthesis through autonomous dynamic genetic
regulation presents a significant advancement toward the
creation of a new generation of microbial cell factories that
can autonomously modulate the utilization of their cellular re-
sources by perceiving intracellular and extracellular conditions.
The bioconversion of lignin constituents to value-added com-
pounds is an appropriate test bed to evaluate our conceptual
strategy, primarily because lignocellulosic biomass is abundant
and underutilized and the enzymatic conversion of lignin con-
stituents into value-added compounds frequently necessitates
the use of artificial inducers, the separation of substrate mix-
tures, and the synthesis of toxic intermediates and products,
which is unfavorable in terms of process economics and
complexity. Toward that end, we identified and characterized
a regulatory component that binds to lignin constituents and
used it to build a lignin constituent-sensing genetic controller.
Although the responsiveness of this genetic controller is limited
to lignin constituent substrates, the presented two-layer circuit
design can be used to build controllers for other substrates. For
instance, any kind of substrate-sensing genetic module could
be coupled with our nutrient-sensing module to build a genetic
controller decoupling growth and production. In this study, we
demonstrated improved bioconversion of oleic acid to ethyl
oleate, a plasticizer and food additive, by coupling an oleic
acid genetic sensor to our nutrient-sensing genetic module.
Moreover, our approach of harnessing a native carbon starva-
tion sensor as a nutrient-sensing module can be adopted in
other biological systems, given that most organisms have car-
bon starvation-sensing mechanisms to regulate protein cata-
bolic genes (Nystro¨m, 2004). This approach makes use of
host features that are already in place, thus eliminates the
need for additional expression of heterologous proteins for
the controller’s function, and simplifies the genetic circuit
design in the process. Furthermore, the control over the extent
of the nutrient sensing can be put in place by adjusting the
amount of nutrients in culture media, which, in turn, fixes the in-
duction cell density. Future improvements to this approach
include the implementation of a genetic functionality to control
both the nutrient concentration and the induction density
independently. Such a programmable functionality could be
devised by designing a genetic circuit that dynamically regu-
lates the proteins essential for the activation of the nutrient-
sensing module, including the cyclic AMP (cAMP)-producing
enzyme adenylate cyclase and the cAMP receptor protein
(CRP). Taken together, the presented conceptual strategy of
harnessing modular genetic controllers that decouple growth
and production could place autonomous sensing-based dy-
namic regulation in broader biological applications and find
widespread use to enable more sustainable, cost-effective mi-
crobial production of value-added chemicals.
EXPERIMENTAL PROCEDURES
Plasmid Assembly and Microbial Cultivation Conditions
The plasmid backbones used in this studywere the BglBrick vectors (Lee et al.,
2011) pBbE8k and pBbE8a from the Joint BioEnergy Institute. Cloning and
modification of DNA parts such as promoters, genes, and terminators required
the use of the splicing overlap extension (SOE) technique (Heckman and
Pease, 2007). Biological parts were either PCR-cloned from genomic tem-plates of P. putida KT2440 and E. coli K-12 MG1655 or SOE-assembled using
gene fragments (gBlocks) from Integrated DNA Technologies. They were con-
verted into BglBrick standard, which was comprised of universal linkers such
as EcoRl, BglII, BamHI, and Xhol restriction sites for assembly. The standard
BglBrick assembly method, described by Anderson et al. (2010), was used
to assemble the genetic constructs that are listed in Figure S8. Recombinant
BglBrick plasmids were chemically transformed into E. coli K-12 TOP10 (Invi-
trogen). Transformed E. coli strains were first cultivated in Luria-Bertani (LB)
broth at 37C and 225 rpm and screened via colony PCR. For bioconversion,
engineered E. coli was cultivated at 37C and 225 rpm in minimal M9 medium
consisting of 0.2% (v/v) glucose as carbon source and 0.2% (w/v) casamino
acids as supplements.
In Vitro Enzyme Assay for Fcs
An in vitro enzymatic assay was carried for Fcs according to the protocol
used by Overhage et al. (1999) with slight modifications. E. coli bearing
pBAD-regulated Fcs was induced with 0.2% (w/v) L-arabinose at optical
density 600 (OD600) of 1.0 for 3 hr. The soluble fraction of crude cell extract
was prepared using Fastprep-24 (MP Biomedicals) and acid-washed beads
(%106 mm) (Sigma-Aldrich) with 1 ml of cells re-suspended in 20mM Tris-HCl
buffer (pH 7.4) running at 6.5 m/s, 45-s interval 3 times, followed by centrifu-
gation at 14,0003 g for 15 min at 4C. The total amount of proteins in the sol-
uble extract was quantified using a Bradford assay before the enzymatic
assay. The enzymatic reaction mixture contained 100 mM potassium phos-
phate (pH 7), 2.5 mMMgCl2, 0.5 mM ferulic acid, 0.4 mM CoA, and 1 mg sol-
uble cell extract containing Fcs. The assay was started with the addition of
2 mM ATP, and a microplate absorbance measurement was taken at
345 nm for hydroxycinnamoyl-CoA (thioester) detection. The absorbance
readings were taken regularly at 10-min intervals for 1 hr. The same assay
was performed for caffeic acid, p-coumaric acid, cinnamic acid, and sinapic
acid.
Promoter/Controller Characterization
Fluorescence detection was carried out for the characterization of the pro-
moters/controllers (Saeidi et al., 2011). Monomeric RFP was ligated down-
stream of the promoters/controllers. Characterization took place in M9-grown
E. coli K-12 TOP10. For dynamic measurements, cells were first grown in M9
medium supplemented with 0.2% (w/v) glucose and 0.2% (w/v) casamino
acids until reaching an OD600 of 0.5, followed by RFP fluorescence detection
using a BioTek Instruments Synergy HT multi-mode microplate reader at
535-nm excitation and 600-nm emission for 6–7 hr with a 10-min interval per
time point data collection. Absorbance measurements at 600 nm were also
taken in tandemwith fluorescencemeasurements using themicroplate reader.
For steady-state measurements, RFP fluorescencemeasurements and absor-
bance (600 nm) were taken 6 hr after the initial OD600 of 0.5.
PP3359 Characterization
In addition to the microplate measurement, the activity of PP3359 was charac-
terized by EMSA. Prior to the EMSA, C terminus 6xHis-tagged PP3359 was
first expressed in the pBAD system induced with 0.2% (w/v) L-arabinose, fol-
lowed by purification using pre-charged, ready-to-use nickel resin (Roche).
The purified PP3359 (18 kDa) was subsequently desalted using a PD-10 de-
salting column (GE Healthcare) and verified by western blotting (Figure S3) us-
ing horseradish peroxidase (HRP)-His antibodies (Clontech Laboratories)
before being subjected to use in the EMSA.
For the EMSA, binding and titration assays were performed using 0.25
molar fold of PP3359 added to 100 ng of DNA (ech promoter, 183 bp), with
the reaction taking place in binding buffer (pH 7.4) containing 10 mM Tris,
50 mMKCl, 1 mM DTT, and 0.1 mM EDTA. 100 mM feruloyl-CoA (Plant Meta-
Chem) was first prepared by dissolving feruloyl-CoA in sterile milliQ water
before addition to the binding assay as 2 mM (final concentration) and titra-
tion assay in increasing stepwise orders of concentration ranging from 109
to 102 M. The mixture (buffer, PP3359, DNA, and feruloyl-CoA) was incu-
bated at room temperature for 20 min before being subjected to electropho-
resis using 6% Tris-borate-EDTA (TBE) gel in 0.53 pre-chilled TBE buffer,
running at 85 V for 95 min. 81-bp gabDT regulon was used as a non-specific
DNA competitor. 1 mM ferulic acid was added to the binding assay as a
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Real-Time qPCR for the Metabolic Stress Test
Engineered cells were grown to an OD600 of 1.0 before being exposed to 0.1%
(w/v) ferulic acid in M9 medium (supplemented with 0.2% (w/v) glucose and
0.2% (w/v) casamino acids) for 1 hr. The pBAD system was selected because
of its tight regulation and was induced after reaching an OD600 of 1.0. 1 mM
L-arabinose was used to achieve comparable expression as the controller.
Un-induced engineered cells were used as control. An absorbance reading
at 600 nm was taken for growth rate calculation. The exposed cells were
used for total RNA isolation with the RNeasy kit (QIAGEN) according to the
manufacturer’s instructions. Isolated RNA was checked for concentration
and purity by absorbance at 260 and 280 nm, and its integrity was checked us-
ing 1% agarose gel for 23S and 16S rRNA bands. cDNA synthesis was per-
formed using the iScript cDNA synthesis kit (Bio-Rad) with 1 mg RNA template.
SsoFast EvaGreen Supermix (Bio-Rad) was used for real-time qPCR with
primers specific for rrsG and rpoD (housekeeping gene). An input of cDNA cor-
responding to 100 ng of total RNA was used per sample. Real-time qPCR was
performed using the CFX Connect real-time PCR detection system (Bio-Rad)
according to the SsoFast EvaGreen protocol.
Hydroxycinnamic Acid Bioconversion by Engineered Cells
Engineered E. coli TOP10 cells were first grown in M9 medium (supplemented
with 0.2% [w/v] glucose and 0.2% [w/v] casamino acids) to the exponential
phase at an OD600 of 1.0. The inoculums were added to shaken flasks
(37C, 225 rpm) to a final concentration of OD600 = 0.01, with each flask con-
taining 50 ml of M9 medium supplemented with 0.2% (w/v) glucose as carbon
source, 0.2% (w/v) casamino acids, and the relevant hydroxycinnamic sub-
strate. Ferulic acid and p-coumaric acid (Sigma-Aldrich) were first dissolved
in DMSO to a stock concentration of 10% (w/v) before being added to the
M9 medium to a final concentration of 0.1% (w/v). The pBAD system was
induced with 0.2% (w/v) L-arabinose after reaching an OD600 of 1.0. 0.5 ml
of the biotransformation culture was extracted every 2 hr for 12 hr for absor-
bance measurements at 600 nm and HPLC quantification.
HPLC quantification of ferulic acid, p-coumaric acid, vanillin, resveratrol,
p-hydroxybenzaldehyde, and p-hydroxybenzoate was carried out using the
protocol adopted by Barghini et al. (2007) with modifications. 0.4 ml of the ex-
tracted biotransformation culture was first filter-sterilized with a 0.22-mm filter
(Sartorius Stedim) before being analyzed by an Agilent 1260 HPLC apparatus
equipped with an Inertsil ODS3 C18 reverse-phase column (length, 250 mm;
diameter, 4.6 mm; particle size, 5 mm) and a diode array detector (DAD). Com-
pounds in the filtered culture were eluted with an isocratic pressure of 150
bars, and the mobile phase comprised an aqueous solution of 35% methanol
and 1% acetic acid and a flow rate of 1 ml/min. Detection was performed at a
UV wavelength of 300 nm (ferulic acid, p-coumaric acid, vanillin, resveratrol,
and p-hydroxybenzaldehyde) and 254 nm (p-hydroxybenzoate and vanillic
acid) and a sample injection volume of 10 ml. The retention times of the samples
were compared with the purified standards (Sigma-Aldrich) for identification
and quantification.
Depolymerized Lignin Cocktail Bioconversion
Engineered E. coli TOP10 cells were first grown in M9 medium (supplemented
with 0.2% [w/v] glucose as carbon source and 0.2% [w/v] casamino acids) to
stationary phase at an OD600 of 3.0. The inocula were added to shaken flasks
(37C, 225 rpm) in 1003 dilution, with each flask containing 50ml ofM9medium
and 100 ml of depolymerized lignin cocktail. The lignin cocktail stock was first
prepared by dissolving 0.1 g each of syringic acid, 1,2-dihydroxbenzene, ferulic
acid, 4-methoxyphenol, p-coumaric acid, and homovanillyl alcohol (Sigma-Al-
drich) together in 1 ml of DMSO to give a stock concentration of 10% (w/v), fol-
lowed by addition of guaiacol, 3-methoxyphenol, and p-cresol (Sigma-Aldrich)
to the dissolved DMSO mixture to give a concentration of 10% (v/v). The com-
bined cocktail was then added to theM9medium to give a final concentration of
0.1% (w/v). The biotransformation culture was extracted after 12 hr of biocon-
version for HPLC detection. The HPLC setup was the same as mentioned pre-
viously. Compounds in the filtered culture were eluted with a mobile phase
comprised of aqueous solution of 30% methanol and 1% acetic acid and a
flow rate of 1 ml/min. Detection was performed at a UV wavelength of 300 nm
(ferulic acid, p-coumaric acid, vanillin, and p-hydroxybenzaldehyde) and
230 nm (syringic acid, 1, 2-dihydroxbenzene, ferulic acid, 4-methoxyphenol,
p-coumaric acid, p-hydroxybenzaldehyde, homovanillyl alcohol, guaiacol,142 Cell Systems 3, 133–143, August 24, 20163-methoxyphenol, and p-cresol) with a sample injection volume of 10 ml. The
retention times of the samples were compared with the purified standards
(Sigma-Aldrich) for identification and quantification.
Continuous Culture for the Characterization of the Nutrient-Sensing
Module, PcsiD
E. coli TOP10 cells bearing PcsiD RFP in the pBbE8k plasmid were first grown
overnight in 500 ml M9 batch culture (supplemented with 0.2% [w/v] glucose
and 0.2% [w/v] casamino acids) using a BiostatB-DCU II bioreactor (Sartorius
Stedim), with settings of 5 l/min (lpm) air and 200 rpm. When cells reached the
stationary phase, the medium feed pump was turned on at a dilution rate of
0.5 h1 to initiate the continuous culture. M9medium with the relevant glucose
concentrations (0–0.5%, w/v), 0.2% (w/v) casamino acids, and kanamycin
(30 mg/ml) were added to keep the culture volume constant at 500 ml. After
five volume changes, an aliquot of the sample was taken for measurement us-
ing an Accuri C6 flow cytometer (BD Biosciences). Samples were first gated
using forward versus side scattering. 50,000 events were recorded at a flow
rate of 1,000–3,000 events/s.
Membrane Potential Measurement
Engineered E. coli TOP10 cells were first cultured overnight inM9medium (sup-
plemented with 0.2% [w/v] glucose and 0.2% [w/v] casamino acids) to the sta-
tionary phase at an OD600 of 3.0. Cells were pelleted and washed twice with
PBS before adding fresh M9 medium without a carbon source containing
0.1% (w/v) p-coumaric acid. Cells were incubated at 37C, 225 rpm for 3 hr
before being subjected to membrane potential measurements. To measure
E. coli’s membrane potential, the BacLight bacterial membrane potential kit
(Invitrogen) was used. 10 ml of 3mMDiOC2(3) was added to a sample containing
1 3 106 cells/ml in filtered PBS. For depolarized controls, 10 ml of 500 mM
carbonyl cyanide3-chlorophenylhydrazone (CCCP)wasadded toasamplecon-
taining 13 106 cells/perml in filtered PBS before DiOC2(3) was added. Samples
were incubatedat roomtemperature for 30minandsubsequentlyanalyzedbyan
Accuri C6 flow cytometer (BD Biosciences) at s flow rate of%1,000 events/s.
Cells were gated based on forward and side scattering. A total of 50,000 events
were recorded per sample. For a dot plot of red versus green fluorescence, the
red and green mean fluorescence intensities (MFIs) were recorded. To evaluate
the data, the red population MFI was divided by the green population MFI.
Oleic Acid Bioconversion by Engineered Cells
E. coli K-12 MG1655 DfadE cells that bear ethyl oleate-producing pathways
regulated by either the oleic acid-sensing controller or pBAD system were
inoculated from single colonies overnight in 5 ml M9 medium with 0.4%
(w/v) glucose. The cells were then diluted 100-fold into 5 ml fresh M9 medium
with 0.2% (w/v) glucose. After 3 hr of growth, the cells were re-inoculated into
5ml freshM9mediumwith 0.2% (w/v) glucose and 0.2% (w/v) sodium oleate in
0-ml tubes at an initial OD600 of 0.01. 0.2% (w/v) arabinose was added to the
cells bearing the pBAD system at exponential phase. After bioconversion at
225 rpm, 37C for 24 hr, ethyl oleate was extracted via liquid-liquid extraction
and quantified as follows.
Cells (0.5 ml) were transferred to a 2-ml Fastprep tube (MP Biomedicals) and
added to 0.1 g glass beads (<106 mm). The cells were lysed using a Fastprep-
24 homogenizer at 6.5 m/s for 60 s, repeated three times. Hexane (0.5 ml)
spiked with methyl heptadecanoate was then added to the lysed cells as an
internal standard, followed by vigorous vortexing to extract ethyl oleate. The
mixture was centrifuged at maximum speed to separate aqueous and organic
layers, where 100 ml of product containing hexane was transferred to gas chro-
matography (GC) vials for quantification. A GC-MS (7890B GC system, 5977A
MSD, Agilent Technologies) analysis was carried out with an HP-5ms column
(Agilent Technologies) with a 0.25-mm film thickness, 0.25-mm diameter, and
30-m length. The GC program was set as follows. An initial temperature of
45C was maintained for 1.5 min, followed by ramping to 180C at a rate of
15C/min, where it was held for 3 min. The temperature was then ramped to
280C at a rate of 10C/min, where the temperature was held for 5 min.
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